The concept of index mineral based metamorphic zones was first introduced by George Barrow in 1912 and the Barrovian metamorphic zones continue to be used as a framework for describing regional metamorphism. Pressure, temperature, and protolith composition are widely recognized as primary controls on index mineral distribution. Today, metamorphic fluid flow is also recognized as an important driver of metamorphic reactions. The aim of this study is to establish if and how metamorphic fluids control index mineral distribution during Barrovian metamorphism. We use samples from Barrow's type locality in Glen Esk, SE Scottish Highlands, to study possible relationships between veining and index mineral distribution. In addition to petrographic and textural observations, we use whole-rock compositions, mineral compositions and oxygen isotope analyses. At low grade, in the chlorite zone and most of the biotite zone, no correlation between veining and index mineral distribution is seen. At higher grade, in the garnet and staurolite zones, index mineral abundance is shown to be higher adjacent to veins. These trends coincide with other mineralogical, chemical, and isotopic changes in the vein-proximal rock, indicative of fluid-rock interaction. Kyanite distribution is homogeneous in the kyanite zone. However, we show that this too relates to extensive fluid-rock interaction. Garnet-, staurolite-, and kyanite-bearing selvedges are common in the sillimanite zone. However, sillimanite distribution is unrelated to these selvedges, which supports models arguing that sillimanite formed during a separate metamorphic event. We infer fluid flow from high grade to low grade because the fluid was out of isotopic equilibrium with the lower grade rocks, but in equilibrium with the higher grade rocks. We conclude that fluid flow played a major role in the stabilization and distribution of Barrovian index minerals in Glen Esk, and that the importance of fluid flow was greater at higher metamorphic grades.
INTRODUCTION
The concept of metamorphic zones (Barrow, 1893 (Barrow, , 1912a provides an explanation for systematic mineralogical and textural variations in metasedimentary rocks in the Scottish Highlands. Barrow (1912a) postulated that the first occurrence of each of a succession of 'index' minerals in pelitic rocks (i.e. chlorite, biotite, garnet, staurolite, kyanite and sillimanite) delineated the boundary of a metamorphic zone. Index minerals tend to occur as porphyroblasts and are thus easily recognized in the field. However, the occurrence and size of metamorphic minerals are governed by both metamorphic grade and the presence or absence of metamorphic fluids. This is because metamorphic fluids can modify rock composition and enhance chemical transport and thereby aid the nucleation and growth of metamorphic minerals.
Metamorphic fluids are mobilized by devolatilization reactions that take place as a result of thickening of the crust during orogenesis. Their fluxes may be as large as or exceed fluid fluxes in subduction zones (Zack & John, 2007; Lyubetskaya & Ague, 2009 , especially in response to fluid channelization (Ague, 2014) . Metamorphic fluid flow is either pervasive, affecting the entire rock volume, or channelled, affecting rocks alongside preferred fluid flow pathways (Ague, 2003) . The latter are permeable lithologies (Bickle & Baker, 1990; Penniston-Dorland & Ferry, 2008) , shear zones (Austrheim, 1987; Oliver, 1996; Pogge von Strandmann et al., 2015) , fold hinges (Skelton et al., 1995; Pitcairn et al., 2010) , and fractures (Ague, 2011; Rubenach, 2013; Kleine et al., 2016) . Fluid flow along fractures produces veins, which commonly contain quartz formed from silica that can be either locally or externally derived (Rubenach, 2013) . Similar oxygen isotope values from quartz veins and their host rocks have been cited as evidence of veins having formed from silica that was either locally derived or from within the same formation both in Connemara, Ireland (Yardley & Bottrell, 1992 ) and on Islay, Scotland ; whereas massbalance considerations have shown that from 20-60% up to 90% of silica found in quartz veins in New England (USA) was externally sourced (PennistonDorland & Ferry, 2008; Ague, 2011) .
In some instances, veins have selvedges where metamorphic fluids have modified the country rock. For example, selvedges have undergone loss of silica, alkalis and volatiles and gain of Al and/or Mn, Fe and Zn in New England, USA (Ague, 1994a (Ague, , 2011 ) and on Shetland, Scotland (Bucholz & Ague, 2010) . These chemical changes are linked to higher modes of some index minerals (garnet, staurolite, kyanite and sillimanite) both in New England and in Scotland (Ague, 1994a (Ague, , 2011 Philpotts & Ague, 2009 ). The sizes of some index minerals (garnet and kyanite) have been shown to increase towards veins (Skelton, 1996; Ague, 2011) . These chemical, mineralogical and textural changes are linked to either higher fluid fluxes within or fluids stagnating alongside vein fractures (Ague, 2011) . Also, d
18
O zoning of up to 2% in garnets within vein selvedges and fluid inclusion trails alongside veins in garnets are related to the passage of metamorphic fluids (Young & Rumble, 1993; van Haren et al., 1996; Whitney et al., 1996) .
Here, we test the hypothesis that channelled flow of metamorphic fluids along vein fractures has systematically affected the mode and size of some or all index minerals in Barrow's metamorphic sequence in Glen Esk, Scotland. The study has important implications for the delineation of metamorphic isograds in Barrovian sequences.
GEOLOGICAL SETTING
George Barrow used the outcrops in Glen Esk as the basis for his theory of metamorphic zones (Barrow, 1893 (Barrow, , 1912a (Barrow, , 1912b Harker, 1912) . Situated in the SE Scottish Highlands, Glen Esk hosts rocks from both sides of the Highland Boundary Fault (HBF). In the south end of the valley, Old Red Sandstone Supergroup sedimentary and volcanic rocks of Siluro-Devonian age are the dominating lithologies. Further to the north and on the other side of the HBF, Ordovician rocks of the Highland Border Complex (HBC) are found. Subdivided into the Margie and North Esk Formations, the HBC consists of weakly metamorphosed limestones, shales, slates, grits, and conglomerates. The HBC juxtaposes metasedimentary rocks of the Dalradian Supergroup along the North Esk Fault, including the Glen Lethnot Grit and Glen Effock Schist Formations (Fig. 1 ). This metamorphosed turbidite sequence consists of alternating layers of metapelites and metapsammites. Metamorphic grade increases continuously northwards in the area, from chlorite grade near the North Esk Fault up to sillimanite grade c. 6-8 km to the north, where the sequence is cut by the post-metamorphic Kincardine/ Mount Battock granite (406 6 18 Ma, Oliver et al., 2008) .
The main metamorphic event that affected Dalradian rocks in Glen Esk was associated with Grampian orogenesis at 475-465 Ma (Chew & Strachan, 2014) , with peak metamorphic conditions at c. 470 Ma (Oliver et al., 2000; Baxter et al., 2002; Viete et al., 2013; Vorhies et al., 2013) . Granitic and gabbroic intrusions north of the field area have been dated to c. 470 Ma; these include the Aberdeen granite (Kneller & Aftalion, 1987) , as well as the Huntley, Insch, Knock, Morven-Cabrach, and Portsoy gabbros (Oliver et al., 2000 (Oliver et al., , 2008 Dempster et al., 2002; Viete et al., 2010; Carty et al., 2012) . Pressure and temperature conditions for peak metamorphism have been presented in a number of studies (Table 1; Baker, 1985; Dempster, 1985; Viete et al., 2011; Vorhies & Ague, 2011) , commonly accompanied by data from the neighbouring valley, Glen Lethnot, which is considered metamorphically equivalent to Glen Esk. These conditions are 4Á4-8Á5 kbar and 510-690 C for the garnet, staurolite, kyanite, and sillimanite zones. For a more detailed description of the local and regional geology, readers are referred to, for instance, Harte (1987 Harte ( , 2016 , Tanner et al. (2013) and Chew & Strachan (2014) , and references therein.
Typical mineral assemblages for the six metamorphic zones comprise quartz and muscovite accompanied by (1) chlorite, (2) chlorite þ biotite, (3) chlorite þ biotite þ garnet, (4) biotite þ garnet þ staurolite 6 chlorite, (5) biotite þ staurolite þ kyanite 6 garnet, and (6) biotite þ sillimanite 6 K-feldspar 6 garnet 6 staurolite 6 kyanite. In addition to these typical assemblages, variable occurrences of magnetite, pyrite, hematite, and plagioclase have been reported (Barrow, 1893 (Barrow, , 1912a Harte & Hudson, 1979; Harte, 1987) . Chlorite is also commonly found in the higher grade zones and is attributed to retrograde replacement of garnet and biotite. Other inferred retrograde reactions include the breakdown of kyanite and staurolite to form white micas (Harte & Johnson, 1969; Baltatzis & Katagas, 1981) .
Previous studies on index mineral distribution in their respective zones by Harte & Johnson (1969) and Tanner et al. (2013) show confinement to layers of pelitic composition for garnet, staurolite, kyanite, and sillimanite, whereas chlorite and biotite also appear in rocks of more psammitic composition. Those researchers also reported that kyanite and sillimanite are found in veins. Using structural and textural observations, Chinner (1961 Chinner ( , 1966 proposed that sillimanite formed as an overprint caused by a separate metamorphic event. Fettes (1970) and Pankhurst (1970) described a spatial relationship between sillimanite occurrence and the Insch Gabbro. Similar observations for the Huntley, Knock, and Portsoy gabbros were later reported by Ashworth (1975) . In accordance, Harte & Johnson (1969) suggested that growth of index minerals occurred stepwise as a result of four separate structural events. This idea of stepwise index mineral stabilization, and implicated rapid changes in metamorphic conditions, was also favoured by Robertson (1994 geothermometry data as showing that sillimanite formation took place as a result of a secondary heat pulse, and attributed this heat pulse to the emplacement of syn-metamorphic intrusions. In an alternative model, Harte & Hudson (1979) suggested that the entire Barrovian sequence formed in response to the same discrete heating event, and the sillimanite overprint would thus represent the thermal climax of this heating event. In yet another hypothesis, Viete et al. (2013) argued that formation of each of the six Barrovian index minerals may be attributed to a series of gabbroic intrusions, and that the entire Barrovian sequence is the result of regional contact metamorphism driven by magmatic heat advection.
MATERIALS AND METHODS

Field measurements and sampling
This study is based on observations and material collected from each of Barrow's six metamorphic zones. In addition to field descriptions, profiles were made to estimate relative lithological abundances within the outcrops, and in some cases field-based crystal size and abundance estimation was undertaken using 3 cm by 3 cm squares. Samples representative of all lithological variations observed at each outcrop were collected of vein-proximal and vein-distal rock. The sampled outcrops are situated on a semi-linear profile line, approximately perpendicular to the North Esk Fault ( Fig. 1 ; Table 2 ). In the chlorite and lower biotite zones, exposure is semi-continuous along the river, and localities were sampled at approximately equal intervals. From the upper biotite zone and up-grade, the selection of sampled localities reflects the amount of exposure available on or near the profile line.
In the field, spatial associations between index mineral occurrence and veins were assessed at scales of centimetres to metres. Vein densities were measured along transects in the field. Care was taken to ensure that only veins that could be linked to syn-metamorphic fluid flow were considered. Standard field criteria were used to assess whether veins were pre-, syn-or postmetamorphic, and the classification scheme of Bons et al. (2012) was used to assess if veins were associated with advective fluid flow (syntaxial and stretching veins).
Petrography
On the millimetre-centimetre scale, the occurrence of index minerals was assessed in thin section on the basis of modal estimates [Supplementary Data (SD) Electronic Appendix 1; supplementary data are available for downloading at http://www.petrology.oxford journals.org]. Modal estimates of both index minerals and other minerals were made by point counting of 1000 evenly distributed points using a polarized light microscope fitted with an automated point counting stage. Point spacing was adjusted so that no crystal was counted more than once; porphyroblasts and matrix were therefore counted separately for most porphyroblastic samples. Uncertainty levels were estimated using the approach of van der Plas & Tobi (1965) . Mineral abbreviations in this paper follow Whitney & Evans (2010) .
Chemical and isotopic analysis of rocks and minerals Whole-rock composition analysis Whole-rock compositions for most samples (SD Electronic Appendix 2) were determined at the Department of Barrow (1893 Barrow ( , 1912a .Locality 21 was sampled, described and analysed by Pitcairn et al. (2015) .
Geological Sciences, Stockholm University, by analysis of rock powder lithium metaborate-tetraborate fused glass discs by X-ray fluorescence (XRF) using a Rigaku ZSX Primus II sequential XRF spectrometer for major elements, and by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using a Thermo Fisher X-series II quadrupole LA-ICP-MS system for trace elements. Samples 16-001 to -018 were analysed for both major and trace elements by ICP-MS at Activation Laboratories, Ontario, Canada. Repeat analysis of standard reference material ensures a precision better than 1%. Volatile components were measured as loss on ignition (LOI; SD Electronic Appendix 2), calculated for each sample from its weight after (1) >10 h drying at 105 C and (2) >10 h ignition at 1050 C. Care was taken to avoid analysis of mixed lithologies; vein material was carefully removed and samples composed of several distinct layers were divided into subsamples. In general, analysed sample size was similar to that of a thin-section billet.
Mineral composition analysis
Chemical compositions of muscovite, chlorite, biotite, garnet, staurolite, and plagioclase (SD Electronic Appendix 3) were determined by spot analyses by electron microprobe analysis (EMPA) using a JEOL JXA-8530 field-emission system at the Department of Earth Sciences, Uppsala University, operating in wavelengthdispersive (WDS) mode at 15 kV and 20 nA with a beam size of 1-5 mm. Estimated relative 1r errors are <0Á5% at >10 wt %, <5% at >1 wt %, 5-20% at >0Á1 wt % and 20-50% at <0Á1 wt %.
Oxygen isotope analysis
Oxygen isotope ratios were used to investigate fluidwall-rock interaction. We include pairs of vein and veinproximal wall-rock d
18 O Qtz analyses from the chlorite and biotite zones, as well as two centimetre-scale d 18 O Qtz/Ky profiles from the garnet and kyanite zones (Table 3) . Oxygen isotope ratios were determined as d
18 O by laser fluorination of handpicked quartz or kyanite separates using a CO 2 laser and a Finnigan MAT 251 isotope ratio mass spectrometer (IRMS) at the Department of Geoscience, University of WisconsinMadison, following the method described by Valley et al. (1995) and Spicuzza et al. (1998) . Values are standardized by replicate analyses of the UWG-2 garnet standard (Valley et al., 1995) and reported in standard per mil notation relative to VSMOW (Vienna Standard Mean Ocean Water). Typical absolute 2SD analytical uncertainty following this technique is 60Á15% for d
18 O measurements.
Thermodynamic calculations
Pseudosections were constructed using Perple_X 6.7.7 (Connolly, 2005 (Connolly, , 2009 ) with the ds622 thermodynamic dataset (Holland & Powell, 2011) in the system MnNCKFMASHTO, to illustrate the process by which MnO stabilizes garnet. The fluid component was regarded as pure H 2 O and assumed to be in excess. Activity-composition models by Holland & Powell (2011) and White et al. (2014a White et al. ( , 2014b were used. Whole-rock XRF analyses were used as input data, with O 2 added to represent a moderate Fe 2 O 3 /(Fe 2 O 3 þ FeO) ratio of $0Á07 (see White et al., 2014a White et al., , 2014b . The same ratio was used in all calculations, which allows for comparison of these pseudosections despite the fact that Fe 2 O 3 content was not analytically determined.
RESULTS
Field and petrographic observations
The chlorite zone Chlorite-zone rocks are dominantly fine-grained phyllitic metapelites (Fig. 2) . Chlorite is abundant in veinproximal and vein-distal country rock, and evenly distributed within each sedimentary layer. Chlorite and interstitial calcite are present in all collected samples with modes of 23-36 vol. % and 3-25 vol. %, respectively (SD Electronic Appendix 1). Other identified phases include quartz and muscovite, as well as minor amounts of plagioclase, pyrite and tourmaline. Most veins are composed of both quartz and calcite, but are in some cases monomineralic calcite or quartz. Vein orientations are both parallel to and crosscutting the foliation. At locality 02, vein density was estimated at <1% with a spacing of 182 6 170 cm (n ¼ 6), along an 11 m profile.
The biotite zone
The biotite-zone outcrops show alternating layers of fine-grained metapsammites and metapelites, as well as intermediate varieties. Rock texture changes from phyllitic to schistose with increasing distance from the North Esk Fault. Biotite porphyroblasts are mostly less than 2 mm but are up to 5 mm in size, and are widely observed in both vein-proximal and vein-distal rocks, although in some samples they are entirely absent. These observations are reflected in the high variability seen in biotite mode estimations (absent to 34 vol. %; SD Electronic Appendix 1). Other phases include quartz, muscovite, chlorite, and minor plagioclase and K-feldspar. Interstitial calcite is present, but less abundant than in the chlorite zone. Accessory minerals include zircon, hematite, pyrite, and tourmaline. Veins are almost entirely composed of quartz, but locally contain small amounts of calcite. Veins are oriented both parallel to and crosscutting the foliation. Vein densities at localities 03 and 04 were estimated at 5% and <1%, with a spacing of 83 6 51 cm (n ¼ 10) and 1044 6 653 cm (n ¼ 4), along 8Á8 m and 42 m profiles, respectively. Locality 05 comprises a fold hinge and is thus different from all other examined exposures in the biotite zone. This fold hinge is an area of intense veining (Fig.  3a) , with an average vein density of 31% in the exposed section, and >50% in the area closest to the axial plane. Vein measurements and field-based crystal size and abundance estimation show that both the number and size of biotite crystals increase with vein density towards the fold hinge perpendicular to the axial plane ( Fig. 3b-e) .
The garnet zone
Rocks in the garnet zone are predominantly finegrained schistose metapsammites with scarce thin metapelite layers. Porphyroblasts of garnet and biotite are found, both in sizes up to 2 mm. Other phases include quartz, muscovite, and chlorite, as well as minor amounts of pyrite, hematite, amphibole, epidote, plagioclase, apatite, and tourmaline (SD Electronic Appendix 1). Garnet porphyroblasts are generally euhedral, pre-to syntectonic, and contain numerous inclusions of quartz, tourmaline, ilmenite, biotite, and muscovite. Partial replacement by chlorite is common at edges and in fractures. Veins are solely composed of quartz, with the exception of one calcite-bearing vein, as well as very minor occurrences of plagioclase, zoisite and amphibole. Vein orientation is exclusively parallel to foliation. Vein density at locality 08 was estimated as 4% with a spacing of 82 6 30 cm (n ¼ 34), along a 30Á7 m profile.
Garnet is rarely observed, and where found is restricted to millimetre-wide pelitic layers, vein-proximal rock or within veins. Examples of garnet found alongside or within veins occur at locality 09 (sample 12:001). Here garnet occurs within one vein (Fig. 4b) and within an $3 cm selvedge to a quartz vein. Within this selvedge, garnet size and abundance decrease away from the vein (Fig. 4a and c) . Plagioclase and biotite modes coincidently also decrease away from this vein, whereas quartz mode increases (Fig. 4d) . Similar observations were made at localities 07, 08 and 09. Within a vein-proximal metapelite layer at locality 07, garnet distribution is, in contrast to the other occurrences, unrelated to veins. However, garnet is much less abundant at this locality. 
The staurolite zone
In the staurolite zone, fine-to medium-grained schistose metapsammites dominate, with only rare thin metapelite layers (i.e. much like the garnet zone). Porphyroblasts of biotite, garnet, and staurolite are rarely larger than 5 mm and up to a maximum of 10 mm in size, and are restricted in occurrence to these metapelite layers. Garnet porphyroblasts are euhedral, syntectonic and contain numerous inclusions of quartz, tourmaline, ilmenite, biotite, and muscovite. In a few cases, garnet crystals in very thin pelitic layers (<2 mm) sandwiched between thicker metapsammite layers are wider than the layers themselves (Fig. 5a ). Additional phases include quartz, chlorite, and muscovite, as well as minor amounts of plagioclase, tourmaline and opaque phases (SD Electronic Appendix 1). Veins are foliation-parallel and mainly composed of quartz, with small amounts of chlorite, muscovite, plagioclase, and pyrite. Vein density at locality 10 was estimated at 7% with a spacing of 10Á2 6 3Á5 cm (n ¼ 160), over a 17Á45 m profile. Staurolite is found in some, but not all of the metapelite layers. At locality 10, staurolite porphyroblasts are both larger and more abundant near veins (Fig. 5b) , and a compilation of thin-section point counting results from a profile of this locality shows that staurolite mode is higher proximal to veins (Fig. 5c ).
The kyanite zone
Kyanite-zone rocks included in this study are mainly schistose to gneissose metapelites and metapsammites. Kyanite porphyroblasts are commonly c. 1-2 cm ( Fig. 6a ) but may reach 5 cm in length (Fig. 6b) , and are partially to entirely pseudomorphed by white mica (Fig.  6c) . Other phases include muscovite, quartz, biotite, hematite, plagioclase, chlorite, and tourmaline (SD Electronic Appendix 1). In addition, minor amounts (<2 vol. %) of extremely fine-grained (<50 mm) euhedral garnet are found. Quartz is the main vein mineral, although at localities 14-16 radially grown kyanite aggregates are also observed with single crystal sizes up to several centimetres in length (Fig. 6b) , as well as rare occurrences of K-feldspar, biotite, chlorite, and muscovite. Vein density was estimated at 13% with a spacing of 13Á0 6 1Á8 cm (n ¼ 152), along a 23 m profile at locality 15.
Kyanite porphyroblasts are abundant at localities 14, 15, and 16, but absent at localities 13 and 17. At the localities where they are present, kyanite porphyroblasts occur either disseminated throughout the rock, mostly in areas where veins are numerous but narrow (Fig. 6a) , or as much larger radiating crystal aggregates within veins, where veins are less numerous but wider (Fig. 6b) .
The sillimanite zone
The rocks in the sillimanite zone include layers of both metapsammite and metapelite. Locality 18 is sillimanite-absent and shows a homogeneous distribution of garnet, staurolite, and kyanite porphyroblasts in the millimetre to centimetre size range. At localities 20, 21, and 22, two main rock types are found: (1) quartzrich, non-veined, and sillimanite-absent metapsammite; (2) quartz-poor, intensely veined, and sillimanitebearing metapelite. These rocks are otherwise similar to the rocks found at locality 18. Sillimanite is present as fibrolite in centimetre-sized patches along veins (Fig.  7a) , in small patches throughout the pelitic rock mass (Fig. 7b) , and in one case within a vein. In addition, varying amounts of chlorite, K-feldspar, plagioclase, tourmaline and epidote, as well as oxides and sulphides, are also observed. Two garnet populations are found. The first is porphyroblastic, extensively deformed, and inter-to syntectonic (Fig. 7b) ; the second is fine-grained and texturally identical to garnet described from the kyanite zone. Quartz is the main vein mineral, but chlorite, biotite, muscovite, plagioclase, amphibole, and tourmaline are also present in the exclusively foliationparallel veins. Vein density at locality 17 was estimated at 17% with a spacing of 6Á7 6 1Á3 cm (n ¼ 148), along a 13Á5 m profile.
Regional trends
Based on field and petrographic observation along the c. 6 km long profile (Fig. 1) , some trends are evident with increasing metamorphic grade, correlating with distance from the North Esk Fault. Rock texture changes from phyllitic in the chlorite zone to schistose in the garnet, staurolite, and kyanite zones, and to gneissose in the kyanite and sillimanite zones. Both matrix and porphyroblast crystal size generally increase from <1 mm in the chlorite zone to 10-50 mm in the sillimanite zone. Vein density increases from <1% in the chlorite zone to 17% in the sillimanite zone, and is correlated with a decrease in vein spacing (Fig. 8) . Regardless of metamorphic grade or mineral constituents, most veins in Glen Esk have a blocky texture; however, some stretched crystals and wall-rock array inclusions are also observed. With very few exceptions, veins are parallel to foliation.
Analytical results
Whole-rock composition
Average whole-rock compositions (Fig. 9 ) of the 92 rock samples from the 22 sampled localities are identical within error, or are very similar to metapelite compositions reported from the Scottish Highlands (Atherton & Brotherton, 1982) and worldwide (Ague, 1991, and references therein) . The contents of SiO 2 and Al 2 O 3 are inversely correlated with an R 2 ¼ 0Á96 (with three extremely Fe 2 O 3 -or CaO-rich outliers removed), as expected for interlayered metapsammites and metapelites (SD Electronic Appendix 2). A detailed analysis of the data from sample 12:001 in the garnet zone shows some notable differences between the country rock and the selvedge (Fig. 10a) . The selvedge is enriched in Al 2 O 3 , Fe 2 O 3 and MgO by a factor of $1Á25, CaO and Na 2 O by a factor of $2, and MnO by a factor of $10. In contrast, the selvedge is depleted in SiO 2 by a factor of $0Á9, K 2 O by a factor of $0Á8, and LOI by a factor of $0Á6. Removal of SiO 2 and renormalization of the data to 100% shows no difference for Al 2 O3, Fe 2 O 3 and MgO, enrichment of MnO, CaO and Na 2 O, and depletion of K 2 O (Fig. 10b) , which is further discussed below.
Mineral compositions
Muscovite compositions are within the limits of the muscovite-celadonite series. Chlorite is an intermediate member of the clinochlore-chamosite series. Biotite is an intermediate member of the phlogopite-annite series and is generally more phlogopitic in the lower grade zones. Plagioclase compositions range between 2 and 98 mol % Ab; however, most rims are of albitic composition, whereas core compositions are more variable, probably reflecting that some cores retain an inherited composition (SD Electronic Appendix 3).
Paired core-rim profile analyses and WDS mapping of garnet (SD Electronic Appendix 3) mostly show higher amounts of the spessartine and grossular components in the core than in the rim, and vice versa for the pyrope and almandine components. Both core and rim compositions show similar patterns as a function of distance from the North Esk Fault (Fig. 11) . These results are generally consistent with prograde growth zonation (Kohn, 2003) . In contrast, the fine-grained garnet found in the kyanite zone shows either no zonation or an inverse growth zonation for the spessartine, grossular, and pyrope components, and is generally very Mn-rich (X Sps > 40%). Inversely zoned garnet also occurs in the sillimanite zone.
All staurolite composition data are from samples from locality 10. This is the only staurolite-zone locality in which staurolite was found in this study. These staurolites have an average of X Fe ¼ 0Á84 6 0Á01 (95% confidence, n ¼ 39). 
Oxygen isotopes
In the chlorite and biotite zones, the vein isotopic signature is different from that of the vein-proximal wall-rock ( Fig. 12a and b) . In the garnet zone, d
18 O Qtz from wallrock samples increases gradually with distance away from the vein (Fig. 12c) . In the kyanite zone, no change in d
18
O Qtz / Ky is observed after correcting for Qtz-Ky isotopic fractionation (Fig. 12d) . This correction was applied at 625 C, which is the average temperature for the kyanite zone (Table 1) . We further note that the entire span of T estimates (610-640 C) lies within 2SD analytical error of 0Á15% (Fig. 12d) and that the calculated Qtz-Ky equilibrium temperature (586 C) is close to estimated peak metamorphic temperatures, from which we infer that the two phases were in equilibrium. Finally, all wall-rock and vein isotope ratios are within expected values for metapelites and metapelite-derived fluids (Hoefs, 1997; Bindeman, 2008) .
DISCUSSION
Controls on index mineral distribution Protolith control vs fluid-rock interaction
The rocks in this study have compositions identical or very similar to typical published metapelite compositions from the Scottish Highlands (Atherton & Brotherton, 1982) and worldwide (Ague, 1991 , and references therein; Fig. 9 ). Even so, index mineral distribution is heterogeneous (Fig. 13) , and especially in the garnet and staurolite zones a spatial relationship is observed between veins and the occurrence of index minerals (Figs 3-5 ). This might be expected to be a straightforward reflection of protolith composition: index minerals are more likely to occur in the more fertile pelitic layers and metapelite layers could be preferentially veined, as these have considerably lower mechanical strength than metapsammite layers (Perras & Diederichs, 2014) . However, here we demonstrate that this is not the case in Glen Esk. In the following discussion, we present mineralogical, chemical and isotopic evidence from each metamorphic zone that in addition to pressure, temperature and protolith composition, fluid-rock interaction associated with veining is an important control of the distribution of index minerals.
The chlorite zone
In the chlorite zone, index mineral distribution is generally homogeneous within each sedimentary layer and vein density is low. No mineralogical differences are observed between vein-proximal and vein-distal country rocks (Fig. 2) . Whole-rock compositions show no indication of mass loss or gain, or residual depletion or enrichment, of any component in vein-proximal rocks (Fig. 14) . Stable isotope data from the chlorite zone show that country rock and veins are out of isotopic equilibrium (Fig. 12) . These findings indicate that little or no fluid-rock interaction related to veining took place in the chlorite zone and that vein-channelled metamorphic fluids had little or no effect on index mineral distribution.
The biotite zone
The biotite zone is generally similar to the chlorite zone in terms of index mineral and vein distribution. In a similar manner to that described for the chlorite zone, mineralogical, chemical and oxygen isotope data (Figs 12 and 13) confirm that little or no fluid-rock interaction related to veining took place in the biotite zone. However, higher abundances of biotite in metapelite layers confirm that bulk-rock composition was an important control of index mineral distribution in this zone.
Locality 05 is different from all other localities we examined in the biotite zone. Here, a fold hinge is associated with extreme (>50%) vein density. Locality 05 is an outlier on a plot of regional variation of vein density (Fig. 8) . The fold hinge was probably a conduit for metamorphic fluids (see Ague, 2011) . Field-based crystal size and abundance measurements show increased biotite size towards the intensely veined fold hinge (Fig. 3) . We interpret this as evidence that not only bulk composition but also fluid-rock interaction associated with veining influenced index mineral size and abundance in the biotite zone. Similar findings were reported by Skelton (1997) , who showed that garnet crystal size distribution in metapelites from northern Norway was controlled by fluid-rock interaction associated with veining. Fluid-controlled index mineral distribution as a mechanism is further discussed for the garnet and staurolite zones below.
The garnet and staurolite zones
In the garnet and staurolite zones, index mineral distribution is extremely heterogeneous, and in most Fig. 8 . Regional trends. Vein density (a) increases as a function of distance from the North Esk Fault (NEF), but vein spacing (b) decreases. Locality 5, which is from a fold hinge in the biotite zone (see main text for details), is highlighted. Fig. 9 . Major element whole-rock compositions (SD Electronic Appendix 2) compared with pelite composition data from the Scottish Highlands by Atherton & Brotherton (1982) , and a worldwide data compilation by Ague (1991) of greenschist-facies (GS) and amphibolite-facies (A) metapelites.
outcrops the index mineral in question is absent. Where found, the abundance of the respective index mineral in most cases can be shown to be spatially related to veins (Figs 4 and 5): index mineral size and abundance increases and quartz abundance decreases towards veins. This occurs on a scale of millimetres to centimetres, whereas protolith composition variation occurs on a scale of decimetres to metres, which probably reflects fining-upwards turbidite sequences (Fig. 5c) . Such mineralogical trends are seen away from veins in both stratigraphic directions (Fig. 5c) , whereas a finingupwards trend may explain changes in only one direction. These observations point towards the formation of centimetre-scale fluid-altered zones (selvedges) within the country rock (see Ague, 2003 Ague, , 2011 Masters & Ague, 2005) .
In a quartz vein selvedge, partial equilibration of quartz oxygen isotope ratios towards vein values is expected with proximity to the vein-selvedge interface. This is observed at locality 09 in the garnet zone (Fig.  12c) O rock ¼ 13Á3 6 0Á1%. The null hypothesis (that variation of our data reflects random variation about some average value) can be rejected with a p-value of 0Á008. Because of the large relative errors in the oxygen data these alone are not unequivocal proof for diffusion. However, the same model may be fitted to quartz mode data, which vary in a similar manner to d 18 O-quartz (Fig. 12c ) but have much lower relative errors. This yields a goodness-of-fit of R 2 ¼ 0Á90, providing corroborative evidence for diffusion as the limiting factor for fluid-assisted mass transport. Spatial coincidence of the d 18 O-quartz and quartz mode fronts (Fig.  12b) indicates silica removal by fluid-assisted diffusive transport towards the vein. It is unlikely that fluid flow in the other direction would produce coincident fronts, given the low silica content and high oxygen content of metamorphic fluids (see Bickle & McKenzie, 1987) . In addition to confirming diffusive silica loss and index mineral stabilization in vein selvedges, our oxygen isotope data (lower d
18 O-quartz in selvedges) also argue against a protolith control of index mineral distribution. For protolith control in the absence of fluid-rock interaction, the d
18
O of a vein-proximal pelitic rock is expected to be higher than that of a vein-distal psammitic rock, because mudstones generally have heavier oxygen isotope ratios than sandstones (Bindeman, 2008) . Ague (1994a Ague ( , 2003 Ague ( , 2011 ) developed a method for evaluation of fluid-induced chemical changes in rocks, which compares fluid-altered rock with unaltered rock via an immobile species, but also annuls the effect of varying protolith compositions within the sample suite. In the latest version of this method a weighted residual element (wRE) species, including Zr, Th, and U, is considered immobile (Ague, 2011) . Employing this method to our whole-rock compositional data (SD Electronic Appendix 2), many vein-proximal samples from the garnet and staurolite zones show indications of mass loss of Si, mass gain of Mn, as well as residual enrichment of Al, Mg, and Fe (Fig. 14) . A few samples also show mass loss of K (Figs 10a and 14) . Loss of Si is consistent with the decrease in quartz mode seen in selvedges (Figs 4 and 5), and would explain the residual enrichment of Al, Mg, and Fe (compare Ague, 2011) . Breakdown of micas may have resulted in mass loss of K (compare Masters & Ague, 2005; Ague, 2011) . Sample 12-001 in the garnet zone is enriched in Na, Ca, and Mn, which probably is linked to growth of plagioclase (Na) and garnet (Ca and Mn) in the selvedge (Figs 4 and 10a ; SD Electronic Appendix 2; compare Masters & Ague, 2005) . Renormalization of the 12-001 data without silica (Fig. 10b) shows mass loss of K from the selvedge, whereas Ca, Na and especially Mn show a mass gain that cannot be explained by residual enrichment only and must be of external origin (compare Ague, 2011) . Because the direction of overall mass transport is towards the vein, the country rock is the most probable Mn source. We thus suggest a model in which Mn was transported by fluidassisted diffusion towards the vein, accompanied by Si, K, Ca, Na, and 18 O. Growth of garnets in the vein selvedge served as a Mn sink, by which chemical gradients were steepened and Mn mobility was enhanced. This coincides with enrichment of AFM components as a result of loss of silica into the vein. The model (Fig. 15) explains both the observed spatial relationship between garnet occurrence and veins, and the gradual changes in mineral modes observed near veins (Figs 4 and 5) .
Thermodynamic modelling was used to illustrate our model for garnet stabilization in selvedges (Fig. 16) . This shows that the increased concentration of MnO in the selvedge lowers the temperature for the garnet-in reaction from c. 460 C to below 350 C, which is expected as Mn enhances garnet stability (Loomis, 1982; Droop & Harte, 1995; Mahar et al., 1997; Wei et al., 2004; Konrad-Schmolke et al., 2005; White et al., 2005 White et al., , 2014b . However, the stability field of the observed garnet-bearing assemblage (chorite þ biotite þ garnet þ albite þ Fe-Ti oxides) is almost identical for the country rock and the selvedge and is stable only at above $600 C (i.e. far higher than expected temperatures for the garnet zone), which indicates a metasomatically driven garnet stabilization and that garnet was not in equilibrium with the surrounding rock. Fluid-induced mobilization of MnO from the country rock will have a large effect on the size of the garnet stability field and thus on the position of the garnet isograd. This implies that the isograd position is controlled not only by pressure, temperature and bulk-rock composition, but also by the availability of metamorphic fluids. This result concurs with a number of recent studies that point to metamorphic reaction overstepping as an explanation for the lack of certain isograds in some metamorphic sequences, in particular for garnet-in reactions (Wilbur & Ague, 2006; Pattison et al., 2011; Ague & Carlson, 2013; Spear & Pattison, 2017) .
Fluid-rock interaction may also explain the occurrence of garnet crystals that are larger than their thin ($2 mm) metapelite host layers in the staurolite zone (Fig. 5a) . Whereas a fertile protolith composition was probably the primary control on nucleation, we envisage that some of the components needed to grow such large garnets were externally derived and carried to the nucleation site by fluid-assisted diffusion and/or advection (see Bickle & Baker, 1990; Ague, 2003 Ague, , 2011 .
The kyanite zone
In the kyanite zone, kyanite is abundant at localities 14, 15 and 16. It is not possible to texturally or mineralogically distinguish vein-proximal from vein-distal rocks at these localities. Kyanite-zone oxygen isotope signatures show a flat trend away from a vein (Fig. 12) . Where calibrated for kyanite-quartz fractionation (Sharp, 1995) 18 O are mobilized and transported towards and into the vein, implying that these components become more depleted in the country rock closer to the vein. Sodium, Ca and Mn are also mobilized, but at the vein-selvedge interface Mn will stabilize garnet and upon nucleation and further growth act as a Mn sink, whereas Ca is consumed by this garnet growth and Na is consumed by plagioclase growth. metamorphic conditions. Another way of confirming this interpretation is to consider the temperature of isotopic equilibrium for the measured D 18 O Qtz-Ky values. This is calculated to be 586 6 22 C (Sharp, 1995) , a temperature near the available estimates (Table 1) , which is consistent with fluid-country rock equilibration at metamorphic conditions. Comparison of veinproximal and vein-distal whole-rock compositions (Fig .   Fig. 16 . Comparison of pseudosections for sample 12:001 shows that garnet is stable at much lower temperatures in the selvedge (the entire diagram), which most probably relates to the Mn-enriched bulk-rock composition. ab, albite; an, anorthite; bi, biotite; chl, chlorite; crd, cordierite; ep, epidote; g, garnet; hem, hematite; ilm, ilmenite; ma, margarite; mt, magnetite; mu, muscovite; q, quartz; rieb, riebeckite (Na-amphibole) We propose the same general mechanism for index mineral distribution in the kyanite zone as in the garnet and staurolite zones; that is, fluid-induced silica depletion of the country rock, albeit that selvedges are wider and therefore overlapping, resulting in a homogeneous index mineral distribution. In the kyanite zone in Glen Esk, kyanite distribution is homogeneous on a decimetre scale (i.e. with respect to nearby veins), which supports this model. However, on a metre scale kyanite distribution is inhomogeneous. Kyanite occurs either as smaller (centimetres long) porphyroblasts where veins are numerous but narrow (Fig. 6a) or as radiating aggregates of larger crystals within veins where these are wider and less numerous (Fig. 6b) . Kyanite is entirely absent from localities 13 and 17 where no or only a few narrow veins are observed. Skelton (1997) reported a similar finding from garnet-zone rocks in northern Norway. He argued that pervasive fluid flow, evidenced by numerous narrow veins, favoured crystal nucleation, whereas channelled fluid flow, evidenced by fewer wider veins, favoured crystal growth. We postulate a similar mechanism controlling kyanite distribution in the kyanite zone in Glen Esk.
The sillimanite zone
At first glance, sillimanite distribution at localities 21 and 22 seems to have been controlled in the same manner as in the garnet and staurolite zones; that is, locally concentrated in vein-proximal selvedges (Fig. 7a) . However, sillimanite is the only porphyroblast that shows this pattern in the sillimanite-zone rocks, and the size distribution of garnet, staurolite, and kyanite is homogeneous. The latter indicates that wide and overlapping selvedges were formed, as is also indicated by the mass loss of Si seen in all vein-proximal samples (Fig. 14) , analogous to what we argue for the kyanite zone. An implication of this is that sillimanite growth was not controlled by the same mechanism as the other porphyroblasts. If that were the case, sillimanite would also be evenly distributed. One possible explanation is that sillimanite was stabilized owing to a later event that affected only the sillimanite zone. Following work by Chinner (1961 Chinner ( , 1966 , Vorhies & Ague (2011) suggested that sillimanite-grade metamorphism in Glen Esk was reached owing to late heating related to magmatic heat advection from the intrusion of syn-metamorphic mafic and felsic melts (Fig. 1) , meaning that sillimanite stabilized as a result of contact metamorphism rather than regional-scale orogenic metamorphism. This is also consistent with our observation of sillimanite at localities 21-22, but not at localities 18-20, as localities 21-22 are positioned closer to these intrusions.
General controls on index mineral distributions
Localized fluid-induced removal of SiO 2 from the country rock along veins and consequent relative enrichment in AFM components (i.e. selvedge formation) is interpreted as an important control of index mineral stabilization and distribution within the garnet, staurolite, and kyanite zones, whereas pressure, temperature and compositions mainly governed stabilization in the chlorite and biotite zones (Fig. 16) . Mobilization of MnO, and possibly also CaO, is interpreted to play an additional role in the stabilization of garnet in the garnet zone. Porphyroblasts of index minerals in all three of these zones are ubiquitously post-tectonic, from which we infer that they could have formed simultaneously and in response to a single fluid flow event.
Although our work suggests that selvedge formation is the probable explanation for most cases of index mineral stabilization in these zones, it is still likely that some rock layers are of the right composition to stabilize these minerals without the influence of external fluids. Sample 13-002 from the garnet zone may be one such example, where garnet distribution is unrelated to veining and we therefore infer a control by P-T conditions and rock composition only.
Many rocks in Glen Esk lack their respective index minerals, although whole-rock compositions are identical or very close to those of common regional metapelites ( Fig. 9 ; SD Electronic Appendix 2). We offer two possible explanations for the commonly observed absence of index minerals, as follows.
(1) Differences in vein properties. Wider veins generally yield higher fluid fluxes, reflecting fluid channelling (see Skelton, 1997) . Vein density and spacing might also be of importance. Larger distances between the veins imply a smaller total volume of country rock in direct contact with fluid channelled within vein fracture conduits. Differing vein properties would explain our observations that staurolite is generally absent where vein density is lower and veins are wider (Fig. 5c ) and that kyanite tends to be found in areas where veins are numerous but comparatively narrow (Fig. 6a) or as aggregates in larger veins (Fig. 6b) . In addition, the general trend of increased vein density and decreased vein spacing with increased metamorphic grade (Fig. 8) indicates more extensive fluid-rock interaction associated with veining in these higher grade rocks.
(2) A critical mass of AFM components needs to be reached before the index minerals can crystallize. Assuming a primary compositional control on mineral formation (Thompson, 1957) and chemical equilibrium, Barrovian index minerals should form as soon as the smallest concentration of AFM components is present. In other words, variation in AFM component concentration at constant proportions would not change the stability, but only the abundance of these minerals. In nature, however, kinetic factors can limit the growth of AFM minerals. These affect the size of the rock volume that is locally equilibrated and include (a) greater initial separation of AFM components, (b) silica-rich rocks containing less mineral-bound H 2 O, limiting the amount of fluid produced and implying lower diffusion or advection rates of AFM components to growth sites, and/ or (c) metapsammites being less permeable than metapelites, also limiting fluid-assisted transport of AFM components to growth sites. These three factors may thus kinetically limit index mineral forming reactions to an extent that it is not thermodynamically favourable to form new minerals.
Comparison with previous work and regional implications
In this study, we show that vein density increases and vein spacing decreases with metamorphic grade, which together with observed vein-selvedge relationships also indicates an increase of the degree of fluid-rock interaction. Similar to our findings, Ague (1994b) reported a general increase in vein density from 2-4 vol. % in the chlorite zone to 20-30 vol. % in the kyanite zone for the Barrovian sequence found in the Wepawaug Schist, USA. A similar trend was also reported from the Barrovian sequence in Dutchess Country, NY, USA (Whitney et al., 1996) . In contrast, Masters & Ague (2005) observed no clear trend in vein density at Stonehaven (Fig. 1) , and that the degree of alteration owing to selvedge formation was greater in the lowgrade rocks near the HBF and gradually decreased towards higher-grade rocks.
Similar to what is presented here, the destruction of quartz and growth of garnet and staurolite in selvedges have been observed in the Wepawaug Schist sequence (Ague, 1994a (Ague, , 1994b (Ague, , 2003 (Ague, , 2011 and at Stonehaven (Ague, 1997; Masters & Ague, 2005) . In accordance with our observations from Glen Esk, Masters & Ague (2005) also reported that garnet and staurolite very rarely occur outside selvedges in the garnet and staurolite zones, respectively, showing that this is not a phenomenon geographically isolated to Glen Esk.
Based on their work in Stonehaven, Masters & Ague (2005) proposed two possible models for regional-scale metamorphic fluid flow, up-temperature (downward) or down-temperature (upward) flow along the HBF. The latter was favoured by Masters & Ague, as this model better explains the observed redistribution of silica, exemplified by removal from higher-grade rocks and addition to low-grade rocks. In contrast, we observe no addition of silica and very low or no fluid-rock interaction in the low-grade rocks (Fig. 14) , which indicates that despite the fact that the Glen Esk and Stonehaven transects are commonly considered along-strike equivalents, syn-metamorphic fluid flow regimes differed between the two sequences and the Stonehaven fluid flow model may not be applicable to Glen Esk. The observations of (1) a switchover from isotopic equilibrium at higher grades (kyanite zone) to isotopic disequilibrium at lower grades (biotite and chlorite zones) and of (2) lighter isotopic values in vein samples are consistent with metamorphic fluid flow from high grade to low grade during metamorphism (e.g. Cartwright et al., 1995; Peters & Wickham, 1995; Hoefs, 1997) . Most samples show some signs of retrograde reactions, and the degree of retrogression is generally higher in higher grade rocks. Retrograde reactions include partial to complete replacement of kyanite by white micas, partial replacement of garnet by biotite and chlorite, and the presence of very fine-grained and inversely zoned Mn-rich garnet interpreted as retrograde in origin. These observations are mostly in accordance with previous studies (Harte & Johnson, 1969; Baltatzis & Katagas, 1981) , but to our knowledge the fine-grained Mn-rich garnet in the kyanite and sillimanite zones has not been reported before.
CONCLUSIONS
From the results of this study we can reach the following conclusions.
1. Stabilization and distribution of Barrovian index minerals in the chlorite and biotite zones of Glen Esk was largely unaffected by fluid-rock interaction associated with veining. 2. Partial fluid-rock interaction and localized silica removal from country rock adjacent to veins appears to have produced index mineral-bearing selvedges in the garnet and staurolite zones, and in one locality resulted in exceptionally intense veining in the biotite zone. Fluid-rock interaction exerted a primary control on the presence and size of index minerals in these metamorphic zones. In addition, MnO sourced from the country rock may have played an important role in the stabilization of garnet. 3. Selvedge formation was also the main control on index mineral stabilization and distribution in the kyanite zone; however, fluid-rock interaction and selvedge formation was more extensive and selvedges were overlapping, resulting in homogeneous index mineral distributions. 4. Sillimanite formation post-dated formation of the other Barrovian minerals. This may be related to late heating associated with northward intrusion of synmetamorphic mafic and felsic melts, as proposed by Chinner (1961 Chinner ( , 1966 and Vorhies & Ague (2011) . The distribution of sillimanite would in that case mainly be controlled by proximity to these intrusions. 5. The fluids were isotopically out of equilibrium with the surrounding rock in the chlorite, biotite and garnet zones, and must thus have been externally derived. A probable fluid source is underlying higher-grade rocks, such as the kyanite zone, where isotopic fluid-rock equilibrium indicates more locally derived fluids.
The wider implication of this study is that the occurrence, distribution and size of Barrovian index mineral porphyroblasts are, in some cases, controlled by access to metamorphic fluids.
